The microtubule cytoskeleton plays an important role in cell polarity. Central to this process in fission yeast is tea1p, a marker of polarized cell growth that is delivered to the cell surface in a microtubule-dependent fashion. Recent studies suggest that the actin-binding protein bud6p may be a tea1p effector.
S. pombe is an ideal experimental system for studying cell morphology and for genetically dissecting microtubuledependent cell polarity. S. pombe cells have a regular cylindrical shape and grow in a polarized fashion. Cell growth is tightly regulated during the cell cycle, generating cells with a definite cell size and similar dimensions [4] . During G1 phase, cells grow in a monopolar fashion, from the old end, defined as the cell tip that existed in the mother cell ( Figure 1 ). In early G2 phase, the activation of the new end -referred to as 'new end take off' -occurs after the separation of the two daughter cells, initiating a phase of bipolar growth. This transition requires the achievement of a minimal cell size [5] .
In an S. pombe cell, microtubules run longitudinally along the cell length in an anti-parallel fashion, with the plus ends towards the cell tips [6] . Mutational analysis has revealed the importance of the microtubule cytoskeleton in the control of cell morphology. Microtubule disruption leads to bending and branching of a fission yeast cell, highlighting the importance of microtubules in the control of polarized cell growth [7] . This intimate connection has been emphasized by the identification of tea1p, a protein with intriguing properties. Tea1p is thought to be a marker for cell polarity [8, 9] ; consistent with this idea, tea1p localizes to both cell tips in an actin-independent fashion [9] . Mutant tea1 cells fail to activate bipolar growth and exhibit an abnormal pattern of cell growth (see below); at the elevated temperature of 36°C they form bent and T-shaped cells. Interestingly, tea1p depends on the microtubule cytoskeleton for continuous delivery to the tips [9] . Tea1p concentrates at the plus ends of microtubules, and its transport along microtubules and to the cell tips depends on the kinesin tea2p [10] and the CLIP170-like protein tip1p [11] .
Although a direct physical interaction between the three proteins has not yet been demonstrated, tea1p, tip1p and tea2p are likely to be part of the 'plus end' complex that Cell cycle control of cell polarity in fission yeast by tea1p and bud6p. In fission yeast, polarized cell growth is regulated spatially and temporally during the cell cycle. Cells undergo 'old end take off' (OETO) after mitosis, and 'new end take off' (NETO) later in the cell cycle. Bud6p (red) localizes at both cell tips early in the cell cycle. In bud6∆ mutants, NETO does not occur, indicating a role for bud6p in the activation of the new end. In tea1∆ mutants, bud6 localizes at only one tip. Although bud6 is present as a double ring at the time of cell division, it is not retained at one of the ends, suggesting that tea1p is required for bud6p establishment at the tip. This finding also highlights the existence of other mechanisms of bud6p localization. has been implicated in control of microtubule dynamics and intracellular transport [12] . Consistent with this idea, tip1p and tea2p have been shown to promote microtubule stability [10, 11] , allowing microtubules to 'search and probe' the cell cortex. Once at the cell tip, the complex presumably detaches from the plus end, allowing depolymerization of the microtubules and, by an as yet unknown mechanism, retention of tea1p at the sub-membrane domain. The key role of tea1p in the spatial control of cell polarity, as indicated by the analysis of tea1mutants [8, 9] , suggests that it may be responsible for the delivery and/or retention of polarity determinants at the cell tip. The identification of tea1p-associated proteins and tea1p effectors will thus be of fundamental importance to our understanding of the molecular mechanism of microtubule-dependent polarity control.
Wild-type
Glynn et al. [3] have now identified the S. pombe protein bud6p as a potential effector of tea1p. Bud6p is the fission yeast homologue of the Saccharomyces cerevisiae protein Aip3p/Bud6p, an actin-binding protein involved in the control of cell polarity. Several lines of evidence suggest that tea1p and bud6p interact functionally. The two proteins were found to co-immunoprecipitate and to co-migrate in three large sedimentaton complexes, of 19S, 45S and 75S. They have similar localization patterns, and were observed at the site of cell division during mitosis and at both cell tips during interphase. Furthermore, like tea1∆ mutants, bud6∆ mutants show a defect in the activation of bipolar growth, and in particular conditions they also form T-shaped cells.
Analysis of the bud6 deletion phenotype suggests that the interplay between tea1p and bud6p may be regulated spatially and temporally [3] . Firstly, only some aspects of bud6p localization at the cell tips are dependent on tea1p: in tea1∆ mutants, bud6p is still found localized at one tip ( Figure 1 ). This observation underscores the qualitative difference between the two ends in S. pombe, and suggests that there may be another set of markers, distinct from tea1p, which allow localization of polarity determinants at the cell tip. Thus, there may be different mechanisms of bud6p localization to different sites of growth. And although tea1p is required to establish bud6p localization, the depolymerization of interphase microtubules, which delocalizes tea1p from the cell tips [9] , did not affect bud6p localization. This observation suggests that tea1p acts at a specific time during the cell cycle to establish bud6p localization, possibly during mitosis or in early G1 phase, and that it is not required for the later maintenance of bud6p localization.
Furthermore, the different growth patterns of tea1∆ and bud6∆ mutants indicate that bud6p function may be temporally regulated. The bud6∆ mutants display a defect in growth activation of the new end, the one formed by the process of cell division. Conversely, tea1∆ mutants display an asymmetry between the two daughter cells: both cells grow in a monopolar fashion, but one cell grows from its old end and the other from its new end (Figure 1 ). This observation suggests that tea1p has a role in regulating, and possibly delaying, growth at the new end, until the premise for bipolar growth activation has been fulfilled. The fact that the tea1∆ bud6∆ double mutant cells resemble tea1∆ cells in growth pattern indicate that the new end is still competent for growth in the absence of bud6p, and thus the role of bud6p in the activation of new end take off is probably not structural in nature. These findings thus suggest that tea1p has a role in establishing bud6p localization, possibly at a specific cell-cycle time, and that bud6p may be involved in the temporal regulation of new end take off.
What is the function of bud6p in the regulation of polarized cell growth? An important insight in the molecular role of bud6p comes from studies on S. cerevisiae. In this yeast, the homologous protein Aip3p/Bud6p participates in cell morphogenesis, the control of polarized cell growth and bipolar site selection [13, 14] . Aip3p/Bud6p binds actin [15] and, together with the proteins Spa2p, Pea2p and Bni1p, is thought to assemble in a large 12S complex [16] , which localizes to growth sites and has been dubbed the 'polarisome' [13, 14] . Aip3p/Bud6p and other components of this complex are involved in diverse cellular functions, including regulation of the actin cytoskeleton during polarized cell growth, control of mating type switching by asymmetric localization of ASH1 mRNA, and, interestingly, positioning of the mitotic spindle and its migration into the bud [13, 14] . The detailed analysis of this last function has suggested an important role for Aip3p/Bud6p as a cortical cue for capture of cytoplasmic microtubules at the bud tip and bud neck [17, 18] . The polarisome has thus been proposed to act as a multipurpose scaffold that binds different effectors at different times, thus modulating its specificity during different phases of the cell cycle [13, 14, 18] .
The new data of Glynn et al. [3] indicating that bud6p may be a tea1p effector and part of its complex suggest that components of the polarisome may be involved in yet another process, the regulation of microtubule-dependent cell polarity. This finding is of great interest, as it provides a first glimpse at the complex role of tea1p in the control of polarized cell growth and it underscores the potential conservation of mechanisms linking the microtubule and actin cytoskeletons in diverse systems. Interestingly, the authors report observing the potential co-localization of microtubule ends and bud6p at the cell cortex in 30% of microtubules observed. This finding, together with the observation that tea1∆ mutants often display longer cytoplasmic microtubules that curl around the cell tip, raises the possibility that tea1p may mediate a form of transient microtubule capture at the cell surface.
The control of cell polarity by tea1p and microtubules likely involves much more then the interaction of tea1p and bud6p. Tea1p is part of a family of proteins that share a kelch-repeat-containing 'propeller' domain [19] . Proteins containing such motifs are thought to have a general function in the organization of multi-molecular complexes [19] . Interestingly, the structure of the propeller domain is thought to allow multiple protein-protein interactions, suggesting that different effectors may bind to the same tea1p molecule, and raising the possibility of cross-talk between different pathways. Consistent with the potential complexity of its function, tea1p copurifies with a large, 1000 kDa complex [9] .
The interaction between S. pombe bud6p and tea1p may not be direct, as bud6p localization to the cell tips is dependent on actin and not on microtubules. Interestingly, studies of the role of the secretory pathway in the polarity of budding yeast cells found that several compo-nents of the so-called 'exocyst' complex -which is involved in vesicle targeting and docking at the plasma membraneare important for the localization of Aip3p/Bud6p [20, 21] . This mechanism may further rein-force the initial bud6p cue. Alternatively, it is possible that tea1p may also participate in the spatial localization of some components involved in the last steps of secretion.
Another group of tea1p effectors may be signaling molecules involved in the control of cell polarity or cell growth. Work in our laboratory has identified a protein, bot1p, which associates with tea1p in the two-hybrid system and depends on tea1p for localization to the new cell end. Bot1p also binds orb6p, a conserved kinase involved in the control of cell morphology [22] and allows orb6p localization to the new tip (our submitted data).
Finally, another open question concerns the nature of the receptor for tea1p at the cell surface. Given the way the protein is transported along microtubules and localized at microtubule plus ends, tea1p is thought to be part of a highly flexible mechanism that promotes cell growth by continuously searching the cell surface [9] and depositing tea1p in the most distal part of the cell. The identification of a tea1p receptor should help to test this model, clarifying whether tea1p is released at the cell tip after microtubule shortening [6] and subsequently binds to component(s) present everywhere on the cell surface, or whether more permanent markers already present at the cell tip facilitate the release of tea1p from microtubules.
In the future, studies addressing the microtubuledependent regulation of cell polarity, and the role of tea1p in particular, are likely to offer more surprises, and to increase our understanding of the mechanisms that link the microtubule cytoskeleton, actin and polarized cell growth in the spatial control of cell morphogenesis.
